We demonstrate that the phenomenon of current confinement along graphene n-p junctions at high magnetic fields can be used to form an Aharonov-Bohm interferometer. The interference system exploits a closed n-p junction that can be induced by a floating gate within the sample, and coupling of the junction currents with the edge currents in the quantum Hall regime. Operation of the device requires current splitting at the edge and the n-p junction contacts which is found for armchair ribbons at low Fermi energy.
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I. INTRODUCTION
One of the fascinating properties of graphene is that one can induce regions of hole or electron conductivity with potentials applied to external gates, without the need for chemical doping [1] . The electrostatic control of the position of the chemical potential with respect to the Dirac point allows for a precise definition of np junctions within the sample. A well known feature of such junctions is Klein tunnelling [2] : in the absence of an external magnetic field, the n-p junction is transparent for electrons under normal incidence. The angular dependence of the phenomenon allows for the observation of Fabry-Pérot interference in np-n junctions [3] [4] [5] . In high magnetic fields, n-p junctions [6, 7] form waveguides for electrons [8] [9] [10] , similar to the edge currents flowing in a two-dimensional electron gas in the quantum Hall regime. In a semiclassical picture, the carriers move along the junction on snake orbits [11] [12] [13] [14] [15] [16] [17] . Current oscillations along a n-p interface due to snake orbits have been very recently observed in gated graphene [11, 18] . Also the conductance of graphene n-p junctions in the quantum Hall regime was studied in a number of papers [6, 7, 9, 11, [19] [20] [21] [22] [23] .
In this work we propose an Aharonov-Bohm [24] quantum Hall interferometer [25] exploiting the current confinement along a circular n-p junction induced by the tip of an atomic force microscope [26, 27] placed above an armchair graphene nanoribbon [28] . The operation of the device is based on the coupling of the edge and junction currents in the quantum Hall regime. The system is a type of quantum ring. The conductance of open graphene quantum rings [30] [31] [32] [33] [34] [35] as well as the energy spectra of closed rings were already evaluated [36] [37] [38] [39] [40] [41] . The systems studied by theory [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] and experiment [27, [43] [44] [45] were based on graphene samples with material removed from the center of the ring. The interplay of the Klein and Aharonov-Bohm effects was studied in etched nanorings [33] . Conductance of quantum rings in Corbino geometry was also discussed [46, 47] .
By exploiting the current confinement in graphene n-p junctions, we gain the possibility to obtain a fully controllable device, in contrast to etched ring-shaped devices with fixed geometry [48] [49] [50] . We take advantage of the unique nature of graphene to attain a n-p junction with adjustable size and position, as opposed to the n-p junctions in III-V semiconductor structures which have a geometry predefined by the doping profile.
The conductance evaluated in the present work for a circular n-p junction induced electrostatically in armchair nanoribbons exhibits a clear Aharonov-Bohm (AB) periodicity in the low Fermi energy regime. The periodicity appears only in the quantum Hall regime. In contrast to the graphene quantum rings studied so far, the power spectrum of which exhibited a number of higher harmonics also in the single mode regime [31] , here we demonstrate that the conductance of systems based on metallic armchair nanoribbons at low Fermi energy possesses the fundamental AB period only. Higher harmonics are present for semiconducting ribbons, for which the contact of the n-p junction to the edge channels acts as a beam splitter.
II. THEORY
We consider an armchair nanoribbon with the tip floating above [ Fig. 1(a) 
with the nearest neighbour hopping parameters including the Peierls phase, t ij = t exp 2πi Φ0´r j ri A · dl , where t = −2.7 eV, Φ 0 = h/e is the flux quantum, and r i is the position of the i-th atom. We assume that the external magnetic field is applied perpendicular to the plane of confinement B = (0, 0, B) and use the Landau gauge A = (−By, 0, 0). The present calculations cover a range of magnetic fields from B = 0 to the quantum Hall regime. V (r) in Eq. (1) stands for the potential due to the tip. The Coulomb potential of the charge at the tip is screened by deformation of the two-dimensional electron gas. The form of the resulting effective potential as calculated by the Schödinger-Poisson modelling [51] is close to a Lorentz function
where x t , y t indicate the tip position, d the width of the effective tip potential, and V t gives the maximal value of the potential [ Fig. 1(b) ]. The latter is determined by the potential applied to the tip, and d depends on the tip-electron gas distance [51] .
In order to evaluate the conductance we use the Landauer approach and solve the scattering problem for the subbands at the Fermi level. We consider homogeneous armchair with their axis along y = 0. For evaluation of the dispersion relation far from the tip scatterer, we assume electron eigenstates in the nanoribbon in the Bloch form,
where k m is the wave vector for the m-th subband, χ km u,v is a periodic function with the crystal periodicity of the ribbon at the vth site in the uth elementary cell, and ∆x is 3a cc for armchair nanoribbon, with a cc = 1.42 Å. In presence of the tip the wave functions in the input lead are superpositions of the Bloch functions: the incident one ψ kin in , and the ones backscattered by the tip,
where the sum runs over the subbands l with the backscattered current flux flowing from the tip to the left lead. At the right-hand side of the tip the scattering wave has the form
where the summation runs over the subbands carrying the current to the right. The incident amplitude c l in is set to 1 for each subsequent subband. The backscattered d in and transferred amplitudes c out are evaluated with the quantum transmitting boundary method [52] [53] [54] [55] [56] [57] . The scattering amplitudes with the current fluxes allow to evaluate the transfer probability T l for the incident subband as T l = m T ml , where T ml may also include transfer between propagating modes in different valleys. The 0K conductance is then evaluated as T = 2G 0 l T l , with G 0 = e 2 /h. The factor of 2 accounts for the spin degeneracy.
The current flow between the atoms m and n, as derived from the Schrödinger equation [58] , is
where Ψ n is the wave function at the nth atom. the radius of the n-p junction gets smaller, and the coupling of the edge current to the junction becomes weaker. At some point [ Fig. 2(b) ] the edge current can no longer couple to the n-p junction.
III. RESULTS AND DISCUSSION

A. Low-energy range
Let us first consider the scattering by the tip potential in armchair ribbons in the low energy range when a single subband -for both current orientations along the ribbon -is occupied. We consider nanoribbons of the width of 292 and 293 atoms, which corresponds to 35.79 and 35.92 nm, respectively. At B=0, they are semiconducting and metallic, respectively. The electron transfer probability as a function of the external magnetic field is displayed in Figs Fig. 4(a) ] the conductance varies with B also in the low-field regime, but the variation becomes periodic only above 10 T, i.e. in the quantum Hall regime, where the current starts to flow near the edge and gets confined by the n-p junction. For higher Fermi energy [E F = 60 meV, Fig. 4(a) ] at higher B both the semiconducting and metallic ribbons are nearly transparent for the electron flow outside narrow resonant and periodic dips of conductance. For low magnetic field in Fig. 4(a) the conductance exceeds 2G 0 since the filling factor ν equals 6. As the magnetic field increases, the filling factor drops to 2.
B. Oscillation period
The oscillation period for a given E F is similar for both the semiconducting and metallic ribbons [ Fig. 3(a) and Fig. 4(a) ]. The period dependence on the Fermi energy is distinct [compare Fig. 3(a) with Fig. 4(a) ]. We find that the oscillation period can be quite accurately associated with the radius of the n-p junction induced by the tip, as given by the E F = V (x, y) condition [see Fig. 1(b) ]. This condition produces R = d V t /E F − 1, which gives R = 17.3 nm for E F = 30 meV and R = 11.7 nm for E F = 60 meV. The AB oscillation period associated with a ring of radius R is given by
with A = πR 2 , and equal to ∆B = 4.4 T for E F = 30 meV and ∆B = 9.6 T for E F = 60 meV. This is in good agreement with the periods obtained from the simulation, which are calculated by a Fourier transform of the data (not shown) as ∆B = 4.7 T for E F = 30 meV and ∆B = 10 T for E F = 60 meV, for both semiconducting and metallic nanoribbons. The distribution of the current amplitude (given by formula (6) ) is plotted in Figs. 3(b-e) for 7T (b,c) and for the the magnetic fields marked by points (d,e) in Fig. 3(a) . The circles in Figs. 3(b-e) denote the n-p junction line determined by the E F = V (x, y) condition. Concluding the above findings, formation of a periodic oscillation pattern that is observed in Fig. 3(a) and Fig. 4 (a) at higher B results from the current confinement at the n-p junction that appears in the quantum Hall regime.
C. Oscillation amplitude
Although the currents in the quantum Hall regime flow near the edges, the conductance in rectangular n-p junctions depends on the width of the nanoribbons. The dependence can be expressed by the angle between the valley isospins of both edges [23] . For ribbons with N atoms across, the conductance tends to 2G 0 (transparent junction) when N + 1 is a multiple of 3, and to G0 /2 for other N [23] . At B = 0 these ribbons happen to be metallic and semiconducting, respectively [59] . According to the present results, in the metallic ribbon the edge current passes smoothly to the circular n-p junction [Figs. 3(c,e) ] and goes along the junction to the other edge of the ribbon. Only a slight reversing current is present at the upper edge of the ribbon near the n-p junction, in accordance with the aforementioned theory for n-p junctions in metallic ribbons. In the semiconducting ribbon [ Figs. 3(b,d) ] the contact of the n-p junction and the edge of the ribbon acts as a beam splitter [61] .
The contact at the lower edge of the ribbon backscatters part of the current to the input lead. The beam splitter at the upper contact right of the tip sends a part of the current to the right output lead, and keeps another part circulating around the junction. In consequence, we have a pronounced current going all around the ring [the upper edge-junction contact in Fig. 3(d) and Fig. 4(b) ]. As seen in Fig. 3(a) , the visibility of the conductance oscillations for the semiconducting ribbon is much higher than those for the metallic ribbon, with only a residual current at the upper junction-edge contact.
For the metallic ribbon, the amplitude of the conductance oscillations grows with increasing magnetic field [the blue line in Fig. 4(a) ], which is accompanied by a growth of the oscillation period, and a reduction of the width of the conductance minima with increasing Fermi energy. For increasing Fermi energy, the radius of the junction is reduced [compare Fig. 4(c) and Figs. 3(c,e) ], and thus the coupling of the edge current to the junction current gets weaker. The circular currents confined at the junction form resonant states with long lifetimes, hence the abrupt form of the conductance oscillation at high magnetic field [cf. the dips at Fig. 4(a) ], when the shift of the scattering density to the edge of the ribbon -as due to the classical Lorentz force [62] -is stronger. Outside these resonances the presence of the tip potential does not influence the electron transfer probability [ Fig. 4(a) ].
In the experimental conditions one can manipulate alternatively the Fermi energy (by a back gate voltage [63] ) or the potential applied to the tip.
D. Edge-junction coupling and power spectra
In Fig. 5 the summed transfer probability of current from source to drain is plotted as a function of both E F and B for the semiconducting [ Fig. 5(a) ] and metallic [ Fig. 5(b) ] ribbons. The power spectra in Fig. 5(c) (Fig. 5(d)) show the Fourier transform of each cross-section T (B) of Fig. 5(a) (Fig. 5(b) ) as a function of E F . For the semiconducting ribbon the conductance oscillations disappear above the lowestsubband region (Fig. 5(a) , E F > 0.1 eV), and for the metallic ribbon [ Fig. 5(b) ] formation of the AB conductance oscillations is shifted towards higher B.
The edge current that is coupled to the n-p junction by the tip forms a system geometrically related to a quantum dot [64] or a quantum ring [65] singly connected to the channel. The conductance of these systems is governed by Fano interference effects, which for quantum rings [66] produce resonances of width (lifetime) which is reduced or increased by the external magnetic field depending on the orientation of the current circulation around the ring. The stabilization of the resonant lifetime [66] is due to the classical Lorentz force which modifies localization of the currents at the edges of the sample. The orientation of the circulating current determines the projection of the produced magnetic moment with the external magnetic field leading to a growth or reduction of the resonance energy with B [60] , for the produced magnetic dipole aligned antiparallel or parallel to the external magnetic field vector, respectively. In the present results all periodic structures in conductance become thinner at high magnetic field, and the energies of the lines grow with the magnetic field since the dipole moment generated by the current in the resonant states is opposite to the external magnetic field. In contrast to the rings with tailored confinement [66] no periodic lines with energies that fall in B and increase in width are found. This is because the n-p junction at B > 0 supports confinement of counterclockwise currents only, while the tailored rings host currents of both orientations.
Similar current distributions were obtained in Ref. 42 , where the circular hole in the ribbon at high magnetic field supports current circulating in the direction forced by the magnetic field. At higher magnetic fields [ Fig. 3 of Ref. 42 ] the resonant energy levels start to increase linearly with the external magnetic field, and the energy spacings between the levels become equidistant. Hence, the resonant energy levels appear at a fixed Fermi energy periodically, and the period seen in Fig. 3 of Ref. 42 is equal or close to the flux quantum.
In Figs. 5(a,b) we spot a single distinct line that falls with B: with the energy of E F = 50 meV near B = 15 T (see the arrows in Figs. 5(a,b) ]. This line corresponds to a resonance trapped beneath the tip, in the p-conductivity region. The current in this resonance circulates clockwise, and the Lorentz force tends to localize it strictly beneath the tip (see Fig. 6 ). The position of the resonance and the current circulation is the same both for metallic and semiconducting ribbons [cf. Figs. 5(a) and (b)]. Note, that recentlysimilar resonant states localized under the scanning tunneling microscope tip within a circular n-p junction induced by the tip voltage -but in the absence of external magnetic field, where detected by the tunneling currents between the graphene and the microscope probe.
The resonant states trapped in the p-region beneath the tip [lines marked by arrows in Figs. 5(a,b) ] are related to the tip and are independent of the type of the ribbon edge, although the resonance is more pronounced for the metallic ribbon [ Fig. 5(b) ], for which no AB oscillations are present in the region where the resonance is observed. At higher field the resonance line disappears from the conductance spectra of both metallic and semiconducting ribbons. The disappearance of the line is not due to dissolution of the resonance, but to the fact that the resonant states gets isolated from the bulk of the sample by the external counterclockwise current loop along the n-p junction.
The Fourier transform of the T (B) dependence calculated for the armchair ribbon [ Fig. 5(c) ] below E F < 0.1 eV indicates the variation of the Aharonov-Bohm period with the Fermi energy. The black dashed line at the left hand side of the plot marks the elementary Aharonov-Bohm period, as calculated analytically. The power spectrum contains also higher harmonics (integer multiples of the fundamental frequency). In Figs. 5(e,f) , we give for several E F the values of ∆B calculated from the frequencies at which the peaks occur, extracted from the Figs. 5(c,d) , together with the analytical values of the fundamental period (black solid line) and its 1/2, 1/3, ... fractions representing higher harmonics (black dashed lines) calculated for R given by the condition E F = V (x, y). In case of a semiconducting ribbon [ Fig. 5(e) ] we have extracted up to 3 values since the following ones were difficult to distinguish from the background. Up to the energy 28 meV, the diameter of the circle E F = V (x, y) is larger than the ribbon width, and the area encircled by the current is smaller than the area of this circle, hence the deviation from the analytical values. However, qualitatively the expected period is bigger than the one of a circular current path, which matches our observations. Above the energy 28 meV, the entire circle is inside the ribbon, and the analytical and modelled values are in a good agreement. Similar observations can be made for fundamental frequencies extracted for the metallic ribbon [ Fig. 5(f) ]. The higher harmonics appear above the energy 60 meV, thus the entire junction is located inside the ribbon and the extracted points lie nearly perfectly on the analytical lines.
For the metallic ribbon the higher harmonics appear only for E F > 50 meV, and for lower Fermi energy only the elementary period is observed. The higher harmonics are present when T (B) minima turn into abrupt dips [ Fig. 4(a) ] which relates to formation of resonances with multiple loops performed by the flowing electron around the n-p junction [67, 68] . For stronger coupling of the junction to the edge, which appears at lower Fermi energy, the transfer probability is determined by the interference between the current that circulates below the junction and the residual one which goes straight at the upper edge [ Fig. 3(e) ]. This interference corresponds to the one-pass conditions discussed in the original paper of Aharonov and Bohm [24] , and produces the sine-form dependence of T (B). Only for higher Fermi energy the current starts to circulate around the ring-like n-p junction [ Fig. 4(c) ], with the phase accumulated from the vector potential proportional to the number of turns, and higher harmonics appear in the power spectrum [ Fig. 5(d) ]. For the semiconducting ribbon, the higher harmonics are present also at low energy [ Fig. 5(b) ] due to the beam-splitting role of the junction/edge contacts [ Fig. 3(d)] .
We studied the stability of the results against intervalley scattering, due to e.g. missing atoms in the ribbon or point potential defects [69] . For a moderate number of defects, the effects for a semiconducting armchair ribbon is weak. This can be understood due to the fact that the intervalley scattering is inherently present in semiconducting armchair ribbons [70] . The transmission amplitude is more strongly affected in the metallic armchair ribbon. For the metallic armchair ribbons the AB oscillations survive. The effects due to disorder are more pronounced at low magnetic field. 
E. Multiple conducting subbands case
Let us consider the conductance at the higher energy -for filling factor higher than 2. The summed transfer dependence is plotted in Fig. 7(a) . For fixed Fermi energy the conductance drops with B, since the number of conducting subbands is reduced. Oscillations of conductance in the magnetic field are observed for three subbands at the Fermi level. The oscillations are not perfectly periodic in B. Figures 7(b-d) present the probability current densities for the electron incident from the lowest, second, and third Landau levels, respectively. Electrons from the lowest Landau level ignore the presence of the tip, and current circulation is present only for the other two Landau levels. The current loops are doubled: two circular features appear one beside the other. In the second Landau level [ Fig. 7(c) ] a resonance is observed near the upper edge-junction contact. In the plots of Figs. 7(b-d) the current flows entirely in the n-region. For the metallic ribbon, the first and second subbands pass above the tip, Figs. 7(e-f) , and the third bypasses it below, Fig. 7(g) , with only a weak current near the upper edge above the tip. Summarizing, for the armchair ribbons, clear and ideally periodic AB oscillations are only observed in the lowest subband transport conditions: for filling factor ν = 2 at the n-conductivity region. The graphene structures exhibit a sufficient tunability of the Fermi energy, local potential, and the filling factors [6] to set the workpoint for the AB conductance oscillations.
IV. SUMMARY AND CONCLUSION
We have studied the transport properties of graphene armchair nanoribbons with a closed n-p junction induced electrostatically by a gate floating above the sample using the quantum transmitting boundary method for the tight-binding Hamiltonian. The system acquires conductance oscillations of the Aharonov-Bohm periodicity in the quantum Hall regime with a Fermi-energy-dependent period. The conductance periodicity is due to the current confinement along the n-p junction induced in high magnetic field and the coupling of the junction currents to the current flowing along the edges of the ribbon. Observation of the Aharonov-Bohm interference requires a beam-splitting behaviour of the junction/edge contacts which we find for the ribbons with armchair edges at low Fermi energy. For the metallic armchair ribbons at low Fermi energy the power spectrum of conductance possesses the lowest harmonics only. The discussed circular n-p junction supports only confinement of currents producing magnetic dipole moments opposite to the external magnetic field. We find that the resonant states localized under the tip with opposite current circulation get isolated from the bulk of the sample at high magnetic field by a loop of n-p currents flowing along the n-p junction. 
